Synaptic activity recorded from low-density networks of cultured rat hippocampal neurons was monitored using microelectrode arrays (MEAs). Neuronal networks were patterned with poly-l-lysine (PLL) using microcontact printing (CP). Polydimethysiloxane (PDMS) stamps were fabricated with relief structures resulting in patterns of 2 m-wide lines for directing process growth and 20 m-diameter circles for cell soma attachment. These circles were aligned to electrode sites. Different densities of neurons were plated in order to assess the minimal neuron density required for development of an active network. Spontaneous activity was observed at 10-14 days in networks using neuron densities as low as 200 cells/mm 2 . Immunocytochemistry demonstrated the distribution of dendrites along the lines and the location of foci of the presynaptic protein, synaptophysin, on neuron somas and dendrites. Scanning electron microscopy demonstrated that single fluorescent tracks contained multiple processes. Evoked responses of selected portions of the networks were produced by stimulation of specific electrode sites. In addition, the neuronal excitability of the network was increased by the bath application of high K + (10-12 mM). Application of DNQX, an AMPA antagonist, blocked all spontaneous activity, suggesting that the activity is excitatory and mediated through glutamate receptors.
Introduction
Neuronal networks produced in cell cultures provide tremendous potential for investigation of synapse formation, development, and function (Corner et al., 2002; Gramowski et al., 2005; Grattarola and Martionoia, 1993; Gross, 1979; Gross et al., 1977 Gross et al., , 1993 Marom and Shahaf, 2002; Pine, 1980; Potter and DeMarse, 2001; van Pelt et al., 2004) . Planar microelectrode arrays (MEAs) provide a means for long-term, simultaneous recording of electrical activities from neural networks (Chang et al., 2001; James et al., 2004; Jimbo and Kawana, 1992; Maher et al., 1999) . Previous studies of neuronal networks on MEAs have used a large numbers of cells that are generally randomly organized on culture surfaces. Sophisticated analysis methods were then used to identify individual neurons electrophysiologically and describe the dynamics of the neural networks. Only when individual neurons are intracellularly recorded from, can the contributions of individual neuron be measured (Makarov et al., 2005) . To fully understand the function of a neuronal network and the neurons that compose it, we need to use electrophysiological and morphological methods to identify individual neurons and describe how they form connections to each other. This can be accomplished by patterning the network.
Several methods have been developed for patterning surfaces to control neuronal attachment and growth (Branch et al., 1998 (Branch et al., , 2000 Corey et al., 1997 Corey et al., , 1991 Hammarback et al., 1985; Hickman et al., 1994; James et al., 2000; Kleinfeld et al., 1988; Lauer et al., 2001; Lom et al., 1993; Matsuda et al., 1992; Ravenscroft et al., 1998; Stenger et al., 1992) . Using these techniques it is possible to direct neuron cell bodies to electrodes and thus provide the ability to study individual neurons within a neural network. Different semiconductor lithographic methods utilizing photoresist, laser or UV ablation, and microcontact printing have been used to pattern proteins and amino acids that influence the attachment and growth of cells. Microcontact printing provides a ready, precise, and reproducible means to control neuron attachment and growth (Branch et al., 1998 (Branch et al., , 2000 Chang et al., 2000 Chang et al., , 2001 Chen et al., 1997; Corey et al., 1991; James et al., 2000 James et al., , 2004 .
The ideal networks for studies on synapse formation and function should provide: (i) identification of each neuron in the network, (ii) monitoring of electrical activities from each neuron, and (iii) long-term network function in order to study development-, activity-, and pharmacology-dependent changes in synaptic/network function. To meet these goals, low-density cultures of neurons are necessary with a goal of individual neurons located at each MEA electrode site. Connections among neurons can then be directed along pre-defined pathways. The geometry of the pattern elements can control neuron cell body attachment to larger discs while narrow lines can direct process growth (Scholl et al., 2000) . Aligned microcontact printing using such patterns can selectively control neuron cell bodies to attach on the electrode sites (James et al., 2000; Nam et al., 2004) . This paper describes methods to produce aligned protein patterns for controlling neuron attachment and growth on MEAs. Freshly dissociated rat hippocampal neurons were plated on these networks at different cell densities to determine the lowest cell densities needed to produce and maintain spontaneous synaptic activity. Network function was described by recording spontaneous and evoked potentials. Neuron organization was further analyzed using immunocytochemistry and scanning electron microscopy. These results present critical data for further development of MEAs and neuronal networks for understanding neuronal network function and development of cell-based biosensors.
Materials and methods

A. Microelectrode array (MEA)
MEAs were fabricated using a semiconductor process as described previously (Jun et al., 2005) . Briefly, thin titanium adhesion (30 nm) and gold (300 nm) layers were deposited on substrates (Pyrex #7740). An additional titanium layer (10 nm) was deposited on the gold layer to provide for adhesion to the insulation layer. The upper titanium layer, between the gold and insulation layers, prevents the breakdown of the insulation layer during repetitive culture cycles. The metal layers were patterned by wet etching with HF (1%) for titanium and HCl, HNO 3 (3:1) solutions for gold. A triple stack insulating layer (SiO 2 /Si 3 N 4 /SiO 2 ) was deposited by plasma enhanced chemical vapor with stress compensated thicknesses of each layer (Yoon et al., 2000) . A photoresist (AZ1512, Clariant Corporation, Charlotte, NC) mask was used for reactive ion etching of electrode and contact sites. The upper titanium layer was etched in the same cycle. Finally, a Teflon ring was attached to the MEAs with polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning, Midland MI) to make a culture chamber. MEAs were designed to have 32 electrodes (4 × 8 array) with 200-m site spacing. The exposed area of each electrode site was 100 m 2 . The mean measured impedance was 1.91 M in phosphate buffered solution at 1 kHz measured using a potentiostat (IM6e model, Zhaner Inc., Germany). In order to decrease electrode impedance, all sites were electroplated with platinum black. The electroplating solution contained 1% H 2 PtCl 6 , 1 M NaCl for supplying conductive electrolytes, and 0.6 g/L lead acetate for uniform nucleation of platinum. Platinization was performed at −0.05 V versus Ag/AgCl reference electrode for 90 s. The impedance of platinized sites was 112 ± 41 k . After electroplating, MEAs were rinsed in deionized water several times. For recycling MEAs, household bleach was applied to remove cellular debris. Before beginning new cultures, MEAs were sonicated in acetone, ethyl alcohol, and deionized water (15 min for each step).
B. Microcontact printing
PDMS elastomer stamps were cast from masters designed to match the patterns of MEAs (Fig. 1) . These contained orthogonally arrayed lines (2 m-wide) and circles (20 m-diameter) centered on line intersections. The lines were designed to provide connections between patterned electrode sites. These features were 2 m high on the stamps. Because of the relatively large spacing of the 2 m-wide connecting line stamp structures, 200 m, it was anticipated that they might be distorted during stamping. Therefore, masters were produced using two different fabrication strategies to provide additional support (Fig. 1) . In the first strategy, reflow of thick photoresist (AZ4620, Clariant Corporation, Charlotte, NC) was used to make relieved structures (James et al., 2000) . In the second strategy, deep silicon etching was used to make supporting structures. The same photolithographic masks were used for both methods.
Fluorescein isothiocyanate (FITC)-labeled poly-l-lysine (PLL) (1 mg/mL in 0.1 M borate buffer) was applied to the PDMS stamps for 1 h. After blowing off excess PLL, PDMS stamps were mounted in a custom-made alignment tool to for x, y, z, and rotational alignment similar to the device previously used (James et al., 2000) . After being aligned, the stamp were pressed to the surface of the MEA (pressure of 50 g/cm 2 ) and left in contact for approximately 1 h. Before seeding neurons, all MEAs were sterilized by overnight incubation with 1% gentamycin (GIBCO, Carlsbad, CA) in PBS.
C. Cell culturing
Primary hippocampal neurons were obtained as previously described . Briefly, brains were isolated from embryonic day 18 rat pups (Sprague-Dawley rats; Taconic Farms, Germantown, NY). Hippocampi were dissected under a stereomicroscope and placed in ice-cold balanced saline solution (BSS) following dissection. Tissues were then incubated in 0.25% trypsin (Sigma, St. Louis, MO) for 15 min at 37 • C. After digestion, hippocampi were rinsed several times in BSS and triturated with a fire-polished Pasteur pipette. Neurons were seeded at densities of 100, 200, and 400 cells/mm 2 on the PLL-patterned MEAs in minimal essential medium (MEM) supplemented with 10% horse serum and 0.1% pyruvic acid (GIBCO). Immediately after placing the cell suspensions in the MEA chambers, individual devices were shaken several times to ensure uniform cell distribution. After 4 h, the plating medium was replaced with serum-free neurobasal media (GIBCO) supplemented with B27 (GIBCO) and 0.5 mM l-glutamine (Fluka, Biochemica, Milwaukee, WI) (Brewer et al., 1993) . Cultures were maintained at 37 • C in a 5% CO 2 , 95% air humidified atmosphere. Half of the media was replaced with fresh media twice a week. The Wadsworth Center Institutional Animal Care and Use Committee approved all animal procedures.
D. Electrophysiology
During electrophysiological experiments, growth medium was replaced with recording medium (HEPES-buffered Hanks' saline (HBHS)). MEAs were mounted into a custom-made connector, which was placed on a resistively heated stage that maintained the media temperature at 36.5 • C. An Ag/AgCl wire was immersed into the recording media in the culture chamber as the reference electrode for extracellular recording and stimulation. Signals from recording sites were amplified with a gain of 10,000 and filtered (0.3-5 kHz, 40 dB/decade) using a differential AC amplifier (Model 1700, A-M Systems, Inc., Sequim, WA). The signals were sampled at the frequency of 20 kHz and digitized by a data acquisition device (NI 6024E, National Instruments Corp., Austin, TX). Recording was performed with a background noise less than 10 V rms.
Using an isolated stimulator (ISO-Flex, AMPI, Israel), a 50 s-width electrical current pulse was applied through a single electrode site for stimulation. The amplitude of the pulses was increased from 50 to 200 A until evoked potentials were observed. Monophasic pulses were used for stimulation; both cathodic and anodic pulses were tested.
HBHS with high K + was also used to stimulate neurons. The medium K + concentration was increased from 4.6 to 12 mM by adding aliquots of a 1 M KCl solution. The osmolarity of the recording solution was adjusted to ∼285 mM/kg using glucose.
The osmolarity was measured using Vapor Pressure Osmometer 5520 (VAPRO TM , Wescor, Logan UT).
The glutamate antagonist, 6,7-dinitroquinoxaline-2,3-dione (DNQX, Sigma) was used to characterize synaptic pharmacology. DNQX was used at 1 and 2 M concentrations (Martin et al., 2003) . After application and testing, DNQX was washed out of the MEA recording chamber and replaced with fresh recording media. All electrophysiological experiments were performed at least 2 weeks after initial cell plating.
E. Immunocytochemistry
Immunocytochemistry was employed to identify the locations of nuclei and the distribution of dendrites and synapses in the patterned neural networks. After electrophysiological experiments were completed, neurons were fixed with 4% paraformaldehyde (37 • C for 15 min); permeablized with 1% Triton X-100 in HBHS for 15 min at room temperature; and incubated in 6% bovine serum albumin for 30 min at room temperature to block nonspecific binding. Samples were exposed to a mixture of rabbit polyclonal anti-MAP2 (Sigma, 1:500) and mouse monoclonal anti-synaptophysin (Sigma, 1:200) for 1 h at 37 • C. After washing, samples were additionally incubated with secondary antibodies, Texas Red goat anti-rabbit (Molecular Probes, Eugene OR, 1:200) and Alexa 488 goat anti-mouse (Molecular Probes, 1:200) for 1 h at 37 • C. Positive MAP-2 labeling identifies neuronal cell bodies and dendrites. Distribution of positive labeling for synaptophysin, a presynaptic protein, was used to identify potential synaptic sites (Fletcher et al., 1991) . After immunocytochemistry, cell nuclei were labeled with DAPI in Milli-Q water (18.2 M cm) at room temperature for 30 min. The samples were washed and mounted under cover glass using mounting media (1:1 HBHS/glycerol containing n-propyl gallate). Images were collected with an Olympus BX41WI epifluorescence upright microscope using an Optronics Magnafire CCD camera (Olympus, Melville, NY).
F. Scanning electron microscopy (SEM)
SEM images were taken in order to observe the patterned neural networks on MEA with high resolution. Fixed samples were rinsed several times in HBHS and dehydrated through graded ethanol solutions (30%, 50%, 60%, 75%, 95%, and 100%, v/v) for 5 min each. After dehydration, ethyl alcohol was replaced with CO 2 using a critical point dryer . Dried samples were sputter-coated with gold and imaged using a LEO 1550 VP SEM at 7-8 keV (Carl Zeiss SMT Inc., Oberkochem, Germany).
Results
A. Aligned microcontact printing
FITC-labeled PLL 2 m-wide lines and 20 m-diameter circles were transferred precisely and reproducibly onto MEAs with stamps made using both photoresist reflow and deep silicon etching (Fig. 2) . Both strategies for supporting the line structures worked equally well; however, the reflowed supporting structures were sometimes torn while detaching cured PDMS stamps from the masters. Square non-fluorescent areas were observed in the center of disks due to the rough surface of electroplated Pt black electrodes. The lack of fluorescence signal may result from quenching of fluorescence signal due to the Pt black, or interference with the protein transfer by the roughened surfaces. Nevertheless, cell attachment to these sites did not seem to be affected.
B. Cell patterning
Immediately after seeding, neurons were observed on both 2 m-wide connectors and 20 m-diameter electrode sites. Within hours cell bodies migrated to the electrode sites located at the intersections of the orthogonally oriented connecting lines (Fig. 3) . When cells were plated at a density of 100 cells/mm 2 , almost all cell bodies were located on electrode sites and the 2 m-wide connecting lines contained processes (Fig. 3D) . This outcome came closest to our goal of one cell body/electrode site (see Table 1 ). When cells were seeded at 200 cells/mm 2 more variation was observed (Fig. 3E) . Multiple cell bodies were located on some electrode sites and a few cell bodies were observed along the connecting lines. When the cells were seeded at 400 cells/mm 2 clusters of neurons were observed at electrode sites (Fig. 3F) . Occasionally, bundles of processes detached from the patterned connecting lines resulting in diagonal connections between adjacent electrode sites. In order to confirm the relia- bility of our patterning methods for controlling cell attachment we compared the number of cells attached to electrode sites with those predicted from our plating densities (Table 1 ). These data indicate that ∼25% of plated neurons attached when cells were plated at 100 cells/mm 2 . Increasing the plating density to 200 cells/mm 2 , resulted in a doubling of the number of cells observed on electrode sites. However, at the highest cell density and increased plating efficiency was observed. While the effective cell density is lower than the half of the plating cell density, these numbers reflect a short attachment period (4 h) before the MEAs are rinsed and transferred to defined medium.
C. Electrophysiology
Few spontaneous signals were recorded from MEAs with 100 cells/mm 2 plating densities, even when examined for as long as 1 month after plating. When MEAs were plated at Predicted values represent all of the cells that would be found in a cell seeding area of 1600 m × 800 m. This area represents the region containing the 32 electrode sites and a 100 m-wide border. The predicted values were calculated from the total number of neurons in the region (1.28 mm 2 × seeding density) divided by 32 electrodes each tiling (200 m × 200 m). We have made the assumption that cells in each tiling area might travel to move from its touchdown site to an electrode pad in the 4 h between plating and changing media.
200 cells/mm 2 spontaneous activity was regularly observed. Frequently, signals were observed to propagate through the networks. Burst of action potentials were observed when neurons were plated at 400 cells/mm 2 . For all samples, signals were recorded for 2 min and the firing rate of the spontaneous activity was shown for each density of neural networks ( Table 2) . As the density of cells increases, the rapid increase of activity was observed. On average, the numbers of active electrodes were 1.3 ± 0.11 (N = 5), 1.31 ± 1.38 (N = 5), and 8.0 ± 13.36 (N = 5) in the cultures plated at 100, 200, and 400 cells/mm 2 , respectively. Even at the density of 400 cells/mm 2 , the number of active electrodes was less than half of total number of recording electrodes. The results were summarized in Table 2 . For all subsequent electrophysiological experiments, neurons were seeded with a density of 200 cells/mm 2 . At this density, we most closely approached our goals of having a single neuron/electrode site and culture conditions promoted spontaneous development of network activity. Number of active electrodes 1.3 ± 1.5 6.3 ± 1.5 14.3 ± 5.1
Firing rate (Hz) 0.1 ± 0.1 1.3 ± 1.4 8.0 ± 13.4
The number of active electrodes is the mean value of the number of electrodes from which neural activities were recorded among total 32 electrodes of an MEA. Firing rates were calculated from spontaneous activities recorded from the active electrodes. Synchronized action potentials were frequently detected between adjacent electrodes (Fig. 4B) . In this example, 76% (54 spikes of 71 spikes for 2 min) of the action potentials recorded on electrode 26 were followed by action potentials on electrode 22. The time interval between these recorded events was very consistent (Fig. 4C and D) . The mean value of the time delay was 14 ms; the calculated conduction velocity was 2.8 cm/s. Complex, extensive, unmyelinated axons of the Schaffer collateral network have been shown to have conduction velocities ranging from 20 to 35 cm/s (Andersen et al., 1978) . These reported conduction velocities were consistent for axon diameter of 0.1-0.3 m (Ishizuka et al., 1990) . The slow conduction velocity reported here indicates that these events were not the result of direct action potential propagation from electrode 26 to electrode 22, but rather, propagation through polysynaptic pathways. The synchronized signals between electrodes 22 and 20, demonstrated different characteristics. Only 56% (62 spikes of 111 spikes for 2 min) of the action potentials recorded at electrode 22 were correlated with potentials recorded at electrode 20. The time delays of these recorded potentials showed greater variability (Fig. 4E) . In addition, the latencies between recorded potentials from these electrodes indicated that signals were propagating in both directions. This could occur by axons from different neurons traversing in opposite directions on a single connector or by other routes resulting in signals being recorded at this electrode sites.
When electrodes were used for stimulation (Fig. 5A ), cathodic electrical current pulses (amplitude = 200 A; pulse width = 50 s) routinely produced evoked potentials (Fig. 5B) . No responses were produced using anodic stimulation. Typically, action potentials with similar characteristics were recorded at different electrodes indicating that multiple neuronal processes were activated on a single electrode.
D. Pharmacology
Chemical activation with high-K + HBHS dramatically increased activity throughout the networks (Fig. 6) . The AMPA receptor antagonist DNQX inhibited spontaneous activity in a dose-dependent fashion. Approximately half of the spontaneous activity was inhibited by 1 M DNQX, while the application of 2 M DNQX inhibited nearly all activity (Fig. 7) . These effects were reversible with spontaneous activities returning to initial rates after washout (Fig. 7) . The firing rates were 9.43 ± 1.18, 4.77 ± 2.24, 0.07 ± 0.51, and 10.13 ± 2.31 Hz for the initial state, 1 and 2 M DNQX application, and washout state, respectively (N = 5). These results demonstrate that exci- Fig. 6 . Representative data illustrating spontaneous activities and high potassium evoked activities. The spontaneous activity was recorded immediately before changing the media potassium concentrations. This data was recorded using a patterned neuronal network at DIV 21. tatory glutamatergic synapses were responsible for spontaneous network activity. All pharmacological studies were performed using cultures at least 21 days after plating.
E. Immunocytochemistry
The dendrites and synapses in the patterned network were identified using immunocytochemistry. Nuclei were labeled using DAPI. Nuclear staining and MAP2 immunocytochemistry confirmed cell somas can be isolated to electrode sites (Fig. 8) . At these longer times in cell culture, cells are also observed not only near electrode sites, but also out along the patterned lines. While these cells may have landed at these sites, it is more likely that they migrated out from electrode sites. Sometimes cells are observed the synaptophysin labeling was observed as puncta near cell bodies, along dendrites, and in thicker bundles of processes. These results demonstrate that presynaptic sites were distributed throughout the neural networks.
F. SEM imaging
SEM imaging permitted higher resolution observations of the neural networks. Neuron somas were well attached to electrode sites despite the deposition of Pt black on the electrodes (Fig. 9A) . Many neuronal processes were observed to cross the electrode sites (Fig. 9A) . These processes formed very compact fascicles of processes on the connector lines (Fig. 9B) . These appeared to be tightly adhered to the patterned lines. Together with the immunocytochemical analysis these data indicate that these networks are highly complex with many neuron-to-neuron connections. 
Discussion
Microcontact printing of patterns, containing circles for neuron soma attachment and narrow lines for neuron process growth, directed development of neural networks of hippocampal neurons. Aligned printing of these patterns to MEAs resulted in regular placement of neurons on electrodes. The number of neurons associated with each electrode was dependent on initial neuron plating density. Spontaneous electrical activity was observed within 2 weeks of plating when cell densities of 200 cells/mm 2 or higher were used.
Action potentials were recorded from approximately one third of the electrode sites on each MEA even though neurons were observed on nearly all the electrode sites. This is consistent with previous studies (Chang et al., 2001 ). This inefficiency for functional recording sites may be an obstacle for optimal MEA use. One possible contributing factor for this observation is low neuron density. We observed no spontaneous activity when cells were plated at 100 cells/mm 2 . There are several possible explanations for this observation. Low synaptic input and/or insufficient trophic interactions may be major contributors. At lower densities neurons may not receive sufficient synaptic input to develop into functional networks. Neurons in vitro may have far fewer synapses when compared to neurons in vivo. There are several experimental strategies that might overcome this problem. One is to provide electrical stimulation during network development (Nam et al., 2003) . This might provide greater neurotransmitter release and promote more synapse formation (Grubb and Thompson, 2004) . Another strategy would be to include an NMDA (N-methyl-d-aspartate) receptor antagonist in the culture media during network development. This procedure has been shown to increase the total number of synapses and spontaneous neuronal activity (Corner et al., 2002; Martinoia et al., 2005) . Trophic signals could also be increased by using more cells in the neuronal network, by applying specific trophic factors, or providing feeder cells. The first is not consistent with efforts to develop neural networks with limited elements, but does increase spontaneous electrical activity in network (unpublished observation). Application of brain-derived neurotrophic factor has also been reported to increase spontaneous activity in neuronal cultures (Legrand et al., 2005) . This approach is direct, but also requires knowledge of the necessary trophic factors for optimal effects. Close association of feeder layers of neurons and/or astrocytes might provide the necessary trophic factors without increasing neuron numbers on the MEAs and without specific knowledge of the precise factors required. Feeder lay- ers of astrocytes could be used, since these cells are critical for neuron development and function in the brain. Such feeder cultures could be included using opposing cultures (Banker and Goslin, 1998) or by including cells constrained to regions outside the recording regions of the MEAs. We are exploring these possibilities.
Our pharmacological experiments demonstrated that excitatory glutamate receptors, AMPA receptors, are critical to network activity in more mature cultures, e.g. after 21 days. More complete pharmacological studies will indicate the importance of other types of glutamate receptors and the possible role of other neurotransmitters. For instance, the synaptic signals occurring between hippocampal neurons during early developmental stages are mediated by GABAergic synapses before the maturation of glutamatergic transmission (Ma et al., 1998) . Consistent with this we have observed suppression of spontaneous activity by bicuculline methiodide, a GABA A receptor antagonist, at 7 days in culture (unpublished observation).
Our morphological analysis of these neuronal networks demonstrated that neuronal somas are usually located on electrode sites providing close association with electrode sites. Presynaptic proteins were observed near neuronal somas, along MAP-2 positive processes and in regions of larger bundles of neuronal processes. SEM imaging (Fig. 9) clearly demonstrates that the neuronal organization of these cultures is more complex than the cytochemistry suggests. Tightly compacted bundles of neuronal processes were observed along lines and coursing over electrode sites. Thus the signals observed at a particular electrode site may be initiated by neurons at different locations.
Additional evidence of the complexity of these networks can be derived from the electrophysiological recordings. The conduction velocities recorded from specific electrode sites was 0.03 m/s (see Fig. 4 ), which is significantly slower than reported conduction velocities of 0.2-0.35 m/s, expected of single unmyelinated axons (Andersen et al., 1978) . Thus many of connections we are observing may be part of more circuitous multi-synaptic pathways. Simultaneous recording from the entire network and tracing of individual neurons will be needed to understand the contributions of each neuron to the network activity.
These data demonstrate that low-density neuronal networks can be used to advance our knowledge of neuron networks on MEAs, and demonstrate that these methods will enable more precise investigations of network function. MEA-based systems show great promise for the study of nervous system functions, including memory, learning, and development of biosensors for pharmacology and other applications.
